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of the interactive effects of harvest intensity and cultural treatments on soil C, N, and biological processes following the 
regeneration of two stands of loblolly pine (Pinus raeda L.), a 19-year-old stand in St. Helena Pa., LA and a 27-year-old stand 
in Tyler Co., TX. Two harvesting intensities (MWT, mechanical whole-tree and HFBO, hand felled bole-only removed) were 
combined in a factorial assignment with bedding and herbaceous weed control (at St. Helena) or bedding and fertilization (at 
Tyler). Total C and N in 0-15 cm of soil were determined before, 9 and 21 months after harvesting. Total C and N in 0-.60 cm 
were measured 2 years after harvesting at St. Helena and 3 years after harvesting at Tyler. At Tyler, N mineralization, soil 
respiration, and microbial populations were monitored before and for 2 years after harvesting. In the 19-year-old stand, M\xlT 
removed 67% of the above-ground biomass and 38% of the above-ground N compared to 46% and 10% for HEBO. In the 27- 
year-old stand, MWT removed 62% of the biomass and 35% of the N, while HFBO removed 48% and 13%. Harvesting 
method had no effect on total C or total N in surface soil but bedding resulted in higher levels of both 1 years after harvesting. 
The effect of bedding was still detected 3 years after treatment at Tyler but not at St. Helena. Herbaceous weed control at St. 
Helena had no effect on total N in the surface 60 cm of soil but significantly reduced total C at 3 0 6 0  cm 6 months after 
treatment. Sixteen months after application of 250 kg ha-' of diammonium phosphate (DAP) at Tyler, the surface 60 cm of 
mineral soil in fertilized plots averaged 373 kg ha-' more total N than did soil from unfertilized plots. Total C in the surface 
60 cm was not effected by fertilization. Irrespective of harvesting or cultural treatment, total C and total N in the surface 15 cm 
of soil declined at both sites during the first year after harvesting. The declines were 8.2 Mg ha-' total C, 361 kg ha-' total N 
at St. Helena and 7.6 Mg ha-' total C, 380 kg ha-' total N at Tyler. After 2 years, total C and total N had returned to of 
pre-harvest levels at both locations. Harvesting intensity had no effect on soil temperature, soil respiration, N mineralization, 
or microbial populations, but bedding significantly increased soil respiration and N mineralization during the first growing 
season after harvesting. Net N mineralization was not effected by treatments during the second year after harvesting, but was 
lower in the harvested plots than in the unharvested reference and inversely related to the pre-harvest rate. Fertilization with 
DAP increased mineral N flux for 2 months following application, but to a lessor extent than did bedding. Nitrification was 
significantly greater than asnmonification in all treatments during the first year after harvesting but was equal to or less than 
ammonification during the second growing season and in unharvested plots. In these US gulf coast pine stands, harvesting and 
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regeneration resulted in significant but transitory perturbation in soil processes. All of the processes studies returned to or near 
pre-harvest levels after two growing seasons. Differences in surface biomass removal, between whole-tree and bole-only 
harvesting, had no measurable effect on the monitored soil processes during the first two growing seasons after harvesting 
although differences may appear later in the rotation. Harvesting, per se, resulted in an increase in nitrification but no increase 
in net N mineralization. Bedding incorporated surface organic matter, accelerated microbial activity, and increased net N 
mineralization but before planted pine seedlings could benefit from the increased N availability. A prolonged release of 
nutrients from the undisturbed surface residues may be more beneficial to productivity of the pine regeneration than the rapid 
mineralization which followed bedding. 0 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Forest management can potentially impact site 
productivity through periodic removal of nutrients and 
alteration of soil physical and chemical properties 
during harvesting and site preparation (Powers et al., 
1990, 1996). Soil nitrogen is of particular concern 
since availability of this element limits forest growth 
more frequently than any other nutrient (Fisher and 
Binkley, 2000). Since most of the N in forest soil (up to 
95% in some soils) exists in an organic form and must 
be mineralized before it is available for root uptake, 
forest soil quality and productivity are more closely 
related to the rate of N mineralization than to soil total 
N (Landsberg and Gower, 1997; Reich et a]., 1997; 
Burger and Kelting, 1999; Fisher and Binkley, 2000). 
Vitousek and Melillo (1979) cautioned that increased 
N mineralization caused by forest disturbances could 
lead to nitrate losses, reducing productivity and 
contaminating surface and ground waters. High levels 
of nitrate loss are seldom observed in practice (Grigal, 
2000) but a number of forest management practices 
are known to alter N mineralization (Burger and 
Pritchett, 1984; Vitousek and Matson, 1985; Knoepp 
and Swank, 1993). 

Concerns over escalating atmospheric C content has 
raised questions about the effects of forest manage- 
ment on soil C and the ability of a forest to perform as 
either a C sink or source (see Johnson, 1992). The 
combination of reduced input from photosynthesis, 
removal of above-ground biomass, and increased soil 
respiration, has led to speculation that intensified 
forest management will lead to a reduction in soil 
C (Harmon et al., 1990). Johnson (1992), after an 
extensive review of the literature, concluded that 
harvesting alone resulted in changes in soil C of 

smaller than &lo%, but cultivation could result in 
losses of up to 50%. Variation among reports was 
quite high leading Johnson (1992) to e 
for coordinated regional studies 
forest management practices on 
C dynamics. 

In 1990, the USDA forest ser 
term soil productivity program 
impact of forest management on productivity and 
related issues (Powers et al., 1990). The group of 
scientist and managers who conceived and designed 
the LTSP concluded that soil compaction and soil 
organic matter were the properties most likely to be 
adversely impacted by forest management (Powers 
et al., 1990). The basic LTSP design combines three 
levels of soil compaction with three levels of organic 
matter removal into nine treatments. As of 1996, there 
were 62 installations of the LTSP plus more than 30 
affiliated studies in North America (Powers, 1999). 

However, before forest managers can utilize the 
results of the LTSP, they will need information about 
the extent of biomass removal and soil disturbance 
incurred by their practices which vary considerably 
(Morris et al., 1983; Vitousek and Matson, 1985; Tew 
et al., 1986; Fox et al., 1986). Also, most LTSP 
installations do not include site preparation or cultural 
practices which may exacerbate or mitigate effects of 
harvesting practices on soil productivity (Vitousek and 
Matson, 1985; Fox et al., 1986; Gent et al., 1986; 
McKee and Wilhite, 1986; Allen et al., 1990). 

Monitoring productivity and environmental quality 
in southern pine plantations (MPEQ), a cooperative 
composed of forest industries, universities, and the 
USDA Forest Service, was formed in 1994 to 
compliment and help interpret the findings from LTSP 
(Powers et al., 1996). To date, MPEQ has installed 
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four study sites and three more are in process or 
planned. All installations include two levels of harvest 
intensity combined with two or more cultural treat- 
ments applied using operational personnel and equip- 
ment. This report contains second and third year results 
from two study sites where the effects of harvesting and 
regeneration on soil C and N are being monitored. 

2. Methods 

2.1. Study areas 

St. Helena site-this site is located in St. Helena 
Parish, LA on property owned by International Paper 
Company. The site lies at -30.7"N latitude and 
90.8"W longitude. Elevation ranges from about 28 to 
32 m above sea level and annual precipitation is 
168 cm. The soil is mapped as Toula, very deep, 
moderately well drained soils that have a fragipan. 
Permeability is moderate in the upper part of the 
subsoil and slow in the fragipan. These soils formed in 
a moderately thick mantle of loess over loamy Coastal 
Plain sediments. Slopes range from 0 to 3%. The 
taxonomic class is fine-silty, siliceous, thermic Typic 
Fragiudults. Texture is silt loam to a depth of >I m. 
The site was probably cultivated and abandoned 
sometime prior to the 20th century. The existing 
19-year-old plantation of loblolly pine (Pinus taeda) 
was established following clear-cutting of a pine- 
hardwood mixed forest. Site preparation methods, if 
any, are not known. The stand had not been thinned 
and had no known history of fire. 

Tyler site-the study site is located in Tyler County, 
TX on the property of Temple-Inland Forest Products 
Corporation. The site lies at -30.6"N latitude and 
94.4"W longitude. Elevation ranges from about 17 to 
19 m above sea level with microsite variation 
sufficient to influence plant species occurrence. The 
climate is warm and humid with an average annual 
temperature of 19.4 "C and a range in monthly means 
from 10 "C in January to 27 "C in July. The frost-free 
season is 241 days. Annual precipitation averages 
136 cm and is generally well distributed throughout 
the year. The soil is mapped as Kirbyville, a very 
deep, moderately well drained, moderately permeable 
soil formed in loamy coastal plain sediments of mid- 
Pleistocene age. Slopes are 0-3%. The taxonomic 

class is fine-loamy, siliceous, semiactive, thermic 
Oxyaquic Paleudults. Soil texture is fine sandy loam to 
a depth of 50-75 cm where a transition to sandy clay 
begins. At time of harvest in August 1994, the site was 
occupied by a stand of loblolly pine direct-seeded in 
1968 and thinned in corridors at age 15-year. There 
have been at least three harvests of pine from this site 
and no history of cultivation. 

The phosphorus concentration in current year pine 
needles prior to harvest was 0.068% at St. Helena and 
0.079% at Tyler, indicating that phosphorus was 
limiting at both sites (Wells et a]., 1986). 

2.2. Experimental design 

The same high and minimum impact harvesting 
methods used in the LTSP (Powers et al., 1990) were 
employed at all MPEQ locations. Site preparation 
and other cultural treatments were selected in 
conjunction with local land managers and based on 
current operational prescriptions for each site. 
All cooperating land owners use aerial application 
of a tank mix of herbicides to suppress woody 
competition prior to planting pine seedlings. Since it 
is unlikely that aerial spraying impacts biomass 
removal or soil compaction, aerial spray was used as 
a zero or null site treatment at all locations. However, 
the herbicide mixture and application rates varied 
among study locations. 

High impact harvesting was mechanical whole-tree 
harvesting (MWT) using feller-bunchers and rubber- 
tire skidders. All merchantable pine and hardwoods 
(and most unmerchantable pine and hardwoods) were 
felled, bunched and skidded to the loading deck where 
they were limbed and topped. Minimum impact 
harvesting (HFBO) consisted of hand-felling the trees 
with chain saws and limbing and topping them in 
place. Merchantable boles were lifted from the plots 
by a loader positioned outside the plot. 

Prior to harvesting at St. Helena, three experimental 
blocks, based on soil structure and slope position, were 
established within an area of -15 ha that was to be 
harvested. Each block was divided into a linear 
array of six plots, 42m x 28 m (0.12 ha). The two 
harvesting methods were combined in a 2 x 3 factorial 
with three site preparation methods: (1) aerial spray; 
(2) aerial spray plus bedded; (3) aerial spray plus 
herbaceous weed control, in a randomized block 
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design. The six treatment combinations were: 

1 HFBO + aerial spray (AS) 
2 HFBO + AS + bedded (Bd) 
3 HFBO + AS + herbaceous weed 

control (HWC) 
4 MWT + AS 
5 MWT + AS + Bd 
6 MWT + A S  + HWC 

Mechanical harvesting was conducted with three- 
wheel feller-bunchers (similar to a Franklin Model 
C3600) equipped with front mounted hydraulic shears. 
The stand was harvested in July 1995. Bedding was in 
October 1995, with D-7 tractor and a plow consisting 
of two gangs of three discs followed by an hour-glass 
packer. In July 1996, the harvested area was treated 
with an aerial application of a mixture of imazapyr 
and glyphosate (0.25 + 2.0 kg ha-', a.i. respectively). 
Hand planting was in December 1996 and herba- 
ceous weed control (imazapyr + sulfometuron; 0.25 + 
0.25 kg ha-') was applied in a band 1 m wide over the 
rows of planted pine in March 1997. 

At Tyler, three blocks of eight 42m x 28 m 
(0.12 ha) plots were established within a stand of 
-12 ha. The two harvesting methods were combined 
with two site preparations methods (not bedded or 
bedded), and two fertilization treatments (none or 
250 kg ha-' diammonium phosphate) in a 2 x 2 x 2 
factorial in a randomized block design. The eight 
treatment combinations were: 

1 HFBO + aerial spray (AS) 
2 HFBO + AS + bedded (Bd) 
3 HFBO + AS + fertilized (DAP) 
4 HFBO + AS + Bd + DAP 
5 MWT + AS 
6 MWT + AS + Bd 
7 MWT + AS + DAP 
8 MWT + AS + Bd + DAP 

Harvesting at Tyler was conducted with a 
four-wheel feller-buncher (similar to a Franklin 
Hydrostatic Model C4500) equipped with a front 
mounted rotary cutter head during July to August 
1994. In late September 1994, the harvested area 
was treated by helicopter with imazapyr and tri- 
clopyr (0.5 + 2.0 kg ha-'). Bedding was conducted in 

October 1994 with a Savannah three-in-one plow, with 
two single discs and no packer, pulled by a D-7 tractor. 
The site was planted with improved loblolly pine 
seedlings in March 1995 but Hylobius pales Herbst 
caused >50% mortality in several plots. Therefore, 
in August 1995, the planted trees in all 24 plots 
were pulled up. The entire area was retreated with 
imazapyr and triclopyr in September 1995 and replan- 
ted in February 1996. On May 1996, fertilized plots 
received 250 kg ha-' (-45 kg ha-' N + 50 kg ha-' P) 
diammonium phosphate (DAP), broadcast by hand. 

2.3. Biomass and nutrient capital 

All plots were inventoried prior to harvesting. Total 
height and diameter at 1.3 m (dbh) were recorded for 
all trees >5 cm dbh. Pine biomass by components was 
calculated using regression equations from Baldwin 
(1987). Three dominant or co-dominant pines were 
felled on each plot to document stand development 
by stem analysis and provide samples for nutrient 
analysis. Starting at ground line, a disc was removed 
every 0.5 m for 10 m and every 1 m from 10 m to the 
tip. From the 0, 5 and 10 m discs, a 22.5" wedge was 
removed. Wood and bark were separated and com- 
posited by plots. Samples of pine foliage and branches 
were collected from the upper, middle, and lower third 
of the crown of each felled tree and composited. 
Biomass equations and estimates of nutrient concen- 
trations for hardwoods came from Clark et al. (1985), 
Messina et al. (1986), and Phillips et al. (1989). 

Four 1 m x 2 m subplots were established in each 
main plot. All vegetation <5 cm dbh was clipped, 
weighed, and sub-sampled for moisture determination 
and elemental analysis. The litter was also weighed 
and sub-sampled for analysis. 

Tissue samples were dried at 70 "C to a constant 
weight and ground to pass a 20 mesh stainless steel 
screen. Nitrogen concentration was determined with 
a Fison's Instruments Model EA 1108 CHN analyzer. 
For other elements, samples were wet-ashed in nitric 
acid-hydrogen peroxide (Huang and Shulte, 1985) 
and analyzed with an ICP emission spectrophoto- 
meter. 

Biomass and nutrients removed and retained by 
MWT harvesting at St. Helena was estimated by 
subtracting whole-tree values for pine and hardwood 
2 15 cm dbh from the plot totals. For HFBO harvesting, 
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only the values for boles > 15 cm dbh were subtracted. 
At Tyler, only pine was harvested and only pine 
> I 5  cm dbh whole-tree or bole values for were - 
subtracted from plot totals. 

During MWT harvesting, considerable disturbance 
and redistribution of surface organic matter occurred. 
To verify that estimates of biomass removal based on 
calculation from the pre-harvest inventory were valid, 
six MWT plots were selected at the Tyler site and 
residual biomass was determined for the 1 m x 2 m 
subplots used in pre-harvest sampling. Actual residue 
differed from estimated residue by less than 5%, 
although the coefficient of variation among subplots 
approached 100%. 

2.4. Soil sampling and analysis 

Soil bulk density was estimated 1 month before and 
9 months after harvesting at both locations. Volu- 
metric samples were taken at four locations on each 
plot at depths of 0-5, 10-15, and 20-25 cm. Samples 
were dried at 105 OC to a constant weight. The loess 
soil from St. Helena contained no gravel or stone. A 
portion of the Tyler samples contained fine iron 
concretions but no corrections were made for these 
inclusions. 

In June, prior to harvesting and in May and 
November the first and second year after harvesting, 
four random push tube samples of mineral soil from 0 
to 15 cm were collected from each plot for chemical 
analyses. In September 1997, 2 years after harvest at 
St. Helena and 3 years at Tyler, volumetric samples 
were collected in 30 cm increments to a depth of 
150 cm at four locations in each plot and composted. 
Sub-samples were removed for chemical analyses and 
the remainder dried at 105 O C  to a constant weight. 
Soil samples for chemical analyses were air-dried, 
ground, and sieved to pass 2 mm. Total N and total C 
were determined with an elemental analyzer (Fison 
Instruments Model EA. 1108). Total C and total N 
concentrations in Tyler soil samples below 60 cm were 
below the limits of our analytical method and are not 
included in the results. Available P was extracted with 
dilute acid-fluoride solution (Byrnside and Sturgis, 
1958) and exchangeable cations with ammonium 
acetate, pH 7 (Thomas, 1982), then analyzed in an ICP 
spectrophotometer. Subsequent studies demonstrated 
that the P levels in the soil from the study sites were 

too low for reliable assay with the ICP. Therefore, 
extractable P was determined using a colorimetric 
procedure (Olsen and Sommers, 1982). 

2.5. N mineralization 

Mineral N flux to a depth of 15 cm was monitored at 
the Tyler site using 5 cm x 30 cm polyvinyl chloride 
tubes and mixed bed ion exchange resin (IER) packets 
at the bottom of the tube (Binkley and Matson, 1983, 
Hart and Binkley, 1985). Binkley (1984) suggested 
this technique was most appropriate for field estima- 
tion of both N-mineralization and transport. We 
confirmed that no transformation or loss of NH4+ 
or NO3- occurred once adsorbed by IER. The tubes 
were driven into the soil to a depth of 15 cm and 
carefully removed. Approximately 1.0 cm of soil was 
removed from the bottom of the tube and replaced 
with a bag of resin. The tube was then returned to the 
hole. The IER bags contained 8 g of Fisher no. R276- 
500 plus a perforated plastic disc 4 . 1  cm diameter. 
Both disc and resin were wrapped in nylon mesh. Bags 
were assembled and stored frozen until transported to 
the field in an ice chest. Four tubes were placed in each 
plot, at random locations within randomly selected 
rows. Sampling tubes in bedded plots we placed at or 
near the crest of the bed. The scalped, inter-bed areas 
were not sampled. 

Incubations were conducted from October 1993 to 
June 1994, prior to harvesting, May to November 
1995, and May to November 1996, after harvesting. 
Resin bags were replaced every 8 weeks except that 
the bags placed in tubes in October 1993 were not 
exchanged until April 1994 since the high water table 
during the winter months prevented tube withdrawal. 
Ambient levels of mineral N from the top of the 
mineral soil to 15 cm were determined at the 
beginning and end of each incubation period for soil 
samples collected with a push-tube proximal to the 
incubation tubes. 

In the laboratory, mineral N was determined by the 
same methods for both soil and resin. Ten grams of soil 
(or 8.0 g of resin) were placed in 80 m12 N KC1 (20 g 
of soil was dried at 105 "C for moisture determina- 
tion). Extracts were shaken at -275 rpm for an hour, 
allowed to settle for an hour, filtered, and stored at 
4 "C until analyzed. Ammonium and nitrate N were 
determined with an ammonia conductivity detector 
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(Alltech Model 320). Net N mineralization was 
determined by summing mineral N captured by IER 
bags plus soil mineral N at the end of the monitoring 
period and subtracting soil mineral N at the beginning 
of the monitoring period. 

2.6. Soil respiration 

In situ soil respiration at the Tyler site was 
determined at three sampling points in each experi- 
mental plot. Points were randomly located but had 
similar surface characteristics. C02 was measured in 
static chambers using soda-lime (NaOH + Ca(0H)') 
as the alkali absorbent (Edwards, 1982). Incubation 
chambers consisted of 2.9 1 steel cans, each covering a 
soil surface area of 0.019 m'. Chambers were coated 
with silver paint and covered with small plywood 
shelters to reduce unnatural heating of the soil surface. 
Soda-lime was pre-dried for 24 h at 100 "C and 30 g 
were weighed into a jar which was then placed under a 
chamber. The chambers were set -1 cm into the soil to 
ensure a good seal between the soil and can, but to also 
minimize root severing. Any C02 flush that occurred 
from positioning the can was considered minimal or at 
least constant among treatments. Surface litter was left 
undisturbed. After a 24 h exposure period, the soda- 
lime was dried and re-weighed in the lab. The C02 
respired was determined by the weight increase 
multiplied by a correction factor of 1.41 to account 
for water produced by chemical reactions and driven 
off by the drying process (Edwards, 1982). Soil 
temperatures were measured at a depth of 10 cm each 
time chambers were placed in the field. Two blanks 
were measured for each treatment to correct for 
ambient C02  levels inside the chambers. Blanks, 
consisting of sealed chambers containing soda-lime, 
were placed on the soil surface. Soil respiration 
measurements were terminated prior to fertilization, 
thereby permitting the evaluation of harvesting and 
bedding only. 

2.7. Microbial populations 

At the Tyler site, soil samples (without 0 layers) 
were collected near the incubation chambers to a 
depth of 15 cm with a standard bucket auger. Samples 
were collected four times during the study, twice to 
represent a "coollwet" season, and twice to represent 

a "warmldry" season. Bacteria were plated on 1110th 
strength Tryptic Soy Agar (Difco), actinomycetes on 
Actinomycete Isolation Agar (Difco), and fungi on 
Acid Agar and Rose Bengal Streptomycin agar 
(Parkinson, 1994; Wellington and Both, 1994; Zuberer, 
1994). All microbes were expressed as colony forming 
units (CFU) per gram of soil. 

2.8. Reference plots 

At both study sites, three reference plots were 
located in an adjacent, unharvested area. Plot dimen- 
sions and sampling regimes were identical to those 
used in the experimental plots except that biomass 
inventories were not taken. However, time and 
resources prevented the establishment of reference 
plots until April to May 1996, 1 year after harvesting 
at St. Helena and 2 years after harvesting at Tyler. Soil 
samples for C and N determination were collected in 
June 1996 and 1997 from the St. Helena reference 
plots. The N mineralization was monitored at the Tyler 
reference area during the 1996 growing season. 

2.9. Statistical analyses 

Data were analyzed using a General Linear Models 
Procedure as implemented by SAS (Ver 6.13, SAS 
Institute, NC) or ANOVA procedures as implemented 
by Systat 9 (SPSS Inc., Chicago, IL). All references to 
significance are based on cc = 0.05 unless otherwise 
stated. 

3. Results 

3.1. Biomass removal 

Table 1 shows the mean values for above-ground 
biomass and nutrient capital of the two study sites 
prior to harvesting and Table 2 gives the estimated 
amounts removed and retained under the two harvest- 
ing systems. At the Tyler site, MWT harvesting 
removed 19, 168, 124,67,28, and 45% more biomass, 
N, P, K. Ca, and Mg, respectively, than H I 3 0  
harvesting. In the younger St. Helena stand, differ- 
ences between MWTand HFBO were greater; 89,3 15, 
264, 153, 87, and 103%. Our differences between 
whole-tree and bole-only harvesting bracket those 
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Table 1 
Pre-harvest biomass and nutrient pools 

- - 

Biomass (Mg ha-') N (kg ha-') P (kg ha-') K (kg ha-') Ca (kg ha-') Mg (kg ha-') Component 

St. Helena site 
Pine 90.4 

Bole 66.4 
Branches 14.5 
Foliage 9.5 

Hardwoods 
Bole 
Branches 

Understory 4.4 
Forest floor 32.8 

Above ground totals 145.7 
Soil (0-15 cm) (pH 4.6) 33.9" 

Tyler site 
Pine 1 12.4 

Bole 94.1 
Branches 11.4 
Foliage 6.9 

Hardwoods 
Bole 
Branches 

Understory 10.5 
Forest floor 19.8 

Above ground totals 153.4 
Soil (0-15 cm) (pH 4.9) 21.1" 

"Total C. 

5.2 f 1.9 Mg ha-'. Soil total N, at St. Helena, 
declined 36 1 f 8 1 kg ha-' the first year and increased 
183 f 84 Mg ha-' the second year. At Tyler, the mean 
decrease was 381 f 56 kg ha-' followed by a mean 
increase of 370 i 69 kg ha-'. Table 4 summarizes 
ANOVA's where the yearly values are treated as 
repeated measurements. The quadratic contrasts for 
both C and N are highly significant (P < 0.0001) at 
both locations, indicating that the declines and 
recoveries are real. A comparison of annual means 
using the r-statistic resulted in the same conclusions. 
The linear contrasts for total N (P = 0.0312) at 
St. Helena and total C (P = 0.0348) at Tyler indicate 
that these parameters had not returned to pre-harvest 
levels 21 months after harvesting (Table 4). However, 
soiI total C appears to have recovered to pre-harvest 
levels at St. Helena (P = 0.0954) as has soil total N at 
Tyler (P = 0.7850) (Table 4). At St. Helena, soil total 

estimated by Tew et al. (1986) for a 22-year-old 
loblolly pine stand except for Ca and P. They 
estimated higher removal of Ca and P probably due 
to the higher component of hardwood in their stand 
(-30% of basal area compared to 14% at St. Helena 
and 4 %  at Tyler). 

3.2. Soil C and N 

Total C and N in the surface soil (0-15 cm) 
responded to harvesting in a similar way at both 
sites, declining during the first year after harvesting 
and increasing during the second year. There were no 
significant differences between harvesting systems 
(Table 3). At St. Helena, the mean decrease in soil 
total C was 8.2 f 1.6 Mg ha- ' and the mean increase 
was 5.3 f 2.1 Mg ha-'. At Tyler, total C decreased 
7.6 5 1.6Mg ha-' followed by an increase of 
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Table 2 
Estimates of biomass and nutrients removed by harvesting and retained on site by the two harvesting systems: HFBO, hand felling bole-only 
removed; MWT, mechanical harvesting with whole-tree removala 

Component Biomass (Mg ha-') N (kg ha-') P (kg ha- ') K (kg ha-') Ca (kg ha-') Mg (kg ha-') 

St. Helena siteb 
HFBO 

Total 
Removed 
Retained 

% Removed 

MWT 
Total 
Removed 
Retained 

% Removed 67 38 50 67 40 

Tyler siteC 
HFBO 

Total 160 (8.0) 448 (46) 28.1 (1.8) 188 (16) 470 (28) 
Removed 77.5 (4.2) 58.5 (3.1) 8.4 (0.5) 66.1 (3.6) 154 (29) 
Retained 82.4 (9.2) 389 (46) 19.6 (1.8) 122 (17) 315 (28) 63.9 (7.6) 

% Removed 48 13 30 35 32 37 

MWT 
Total 147 (6.3) 390 (21) 25.4 (1.1) 167 (8.4) 411 (14) 89.2 (3.8) 
Removed 90.8 (5.0) 137 (7.8) 13.6 (0.8) 93.0 (5.2) 172 (5.9) 41.8 (2.3) 
Retained 56.5 (7.6) 253 (19) 1 1.8 (0.7) 73.6 (7.1) 240 (12) 47.3 (3.1) 

% Removed 62 35 54 56 42 47 
-- 

" Standard errors shown in parenthesis 
Merchantability l~mits mlnlmum dbh = 15 cm, minimum top diameter = 5 cm, for both pine and hardwoods 
' Merchantab~lity limlts minimum dbh = 15 cm, minimum top diameter = 5 cm Pine only harvested 

C and total N increased in the unharvested reference 
plots between year 1 and year 2 (Table 3) but sample 
size was small and differences between years did not 
exceed the 95% confidence level. The C/N ratio in the 
upper 15 cm of mineral soil remained fairly constant 
at St. Helena ranging from 22 to 27 (Table 3), but it 
varied considerably between years at Tyler, rising 
sharply the year after harvesting before returning to 
near or slightly below pre-harvest values (Table 3). 
The main effect of bedding was significant at Tyler but 
not at St. Helena (Table 3). However, the interaction 
between harvesting and bedding, which was not 
significant at Tyler, was significant at St. Helena for 
both total C and total N (Figs. 1 and 2). 

The deeper soil samples, collected 24 months 
after harvesting at St. Helena and 36 months after 

harvesting at Tyler, still failed to show significant 
differences in soil total C or total N between harvesting 
intensities but significant effects due to cultural 
treatments were detected at both sites (Table 5). At 
Tyler, bedded soil was higher in total C (30-60 cm) but 
not total N, while fertilized soil was higher in total 
N (0-30 and 30-60 cm) but not total C (Table 5). 
Soil from the surface 60 cm of fertilized plots 
averaged -371 kg haK1 more total N than did soil 
from unfertilized plots. The DAP, applied 16 months 
prior to soil sampling, added only -45 kg ha-' N. At 
St. Helena, herbaceous weed control, applied 6 months 
prior to sampling, reduced total C in the 30-60 cm 
stratum. No interaction between harvesting and bed- 
ding on soil total C or total N was detected in these 
later, deeper samples. 



Table 3 
Effects of site treatments on the total C, N, and C/N ratio in the upper 15 cm of mineral soil. HFBO, hand felled hole-only removed; MWT, mechanical whole-tree harvesting; AS, 
aerial spray; HWC. herbaceous weed control 

Main treatment" Total C (Mg ha- I) Total N (kg ha-') C/N ratioh 

Before N ~ n e  months Twenty-one Before Nine months Twenty-one Before Nine months Twenty-one 
harvest after harvest months after harvest after harvest months after harvest after harvest month after 

harvest harvest harvest 

St. Helena site 
HFBO 
MWT 
P > F  

AS 
AS + bedded 
AS + HWC 2 
P > F  

Reference area (S.E.) - 32.9 (1.7) 38.0 (3.4) - 1402 (72) 1526 (102) - 23 25 

Tyler site 
HFBO 
MWT 
P > F  

Not bedded 
Bedded 
P > F  

Not fertilized 25.5 16.6 22.9 750 283 667 34 59 34 
Fertilized (DAP 250 kg ha-') 22.9 16.5 20.7 64 1 347 692 36 48 30 

P > F  0.1073 0.8611 0.3175 0.0456 0.2048 0.8396 - - - 

'' HWC treatment applied 2 months prior to soil sampling. DAP applied 7-9 days prior to soil sampling. 
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Table 4 
Analyses of variance of soil total C and total N (0-15 cm) using a one-way repeated measures model and single d.f. orthogonal polynomials to 
compare the values for years, May 1994 (before harvest); May 1995 (first year after harvest); May 1996 (second year after harvest) at Tyler and 
June 1995 (before harvest); June 1996 (first year after harvest); June 1997 (second year after harvest) at St. Helena 

Source d.f. SS MS F P d.f. SS MS F P 

Single degree of freedom polynomial linear contrast Single degree of freedom polynomial quadratic contrast 
St. Helena, soil C (0-15 cm) 

Year 1 80.85 80.85 3.12 0.0954 1 554.47 554.47 69.38 <0.0001 
Error 17 440.76 25.93 17 440.76 25.93 

St. Helena, soil N (0-15 cm) 
Year 1 285866.66 285866.66 5.52 0.0312 1 888665.91 888665.91 63.03 <0.0001 
Error 17 881 184.94 51834.41 17 239696.32 14099.78 

Tyler, soil C (0-15 cm) 
Year 1 69.18 69.18 5.03 0.0348 1 658.17 658.17 67.08 <0.0001 
Error 23 316.31 13.75 23 225.66 9.81 

Tyler, soil N (0-15 cm) 

Error 23 443315.43 19274.58 23 461756.03 20076.35 

Table 5 
Effects of treatment on total C and total N in the upper 60 cm of soil 24 months after harvesting at St. Helena and 36 months after harvesting at 
Tyler 

Main treatments Total C (Mg ha-') Total N (kg ha-') C/N ratio" 

0-30 cm 30-60 cin 0-30 cm 30-60 cm 0-30 cm 30-60 crn 

St. Helena site 
HFBO 
MWT 
P > F  

AS 
AS + bedded 
AS + HWC 
P > F  

Tyler site 
HF'BO 
MWT 
P > F  

Not bedded 
Bedded 
P > F  

Not fertilized 
Fertilized (DAP 250 kg ha-')' 
P > F  

"Calculated from the means In columns to the left 
Means followed by d~fferent letters are significantly d~fferent (a  = 0 05) 
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Site Preparation Treatment 

AS AS+HWC AS+BD 

Site Preparation Treatment 

Fig. 1. The effect of harvesting method and site treatments on: (A) 
total C; and (B) total N, in the surface 15 cm of soil at the St. 
Helena site 1 year after harvesting. MWT, mechanical whole-tree 
harvesting; HFBO, hand felling bole-only removed; AS, aerial 
spray only; AS + HWC, AS + herbaceous weed control; AS + BD, 
AS + bedding. The interaction between harvesting method and site 
treatments was significant ( P  = 0.0149 for total C; P = 0.0435 for 
total N); error bars for a = 0.05. 

3.3. N mineralization 

Net N mineralization was higher the first growing 
season after harvesting than before or 2 years after 
harvesting or in the reference plot (Table 6). The 
increase was due almost entirely to a higher NO3- flux 
especially in bedded soil during the first year after 
harvest (Fig. 3a). There were no differences due to 
harvesting methods (Table 6, Fig. 3). During the 1 
May to November after harvesting, N H ~ +  production 
averaged 2.5 kg ha- per month and was not affected 
by treatment while NOI(- flux was 10.3 kg ha-' per 

12 4 
AS AS + BD 

Site Preparation Treatment 

Site Preparation Treatment 

Fig. 2. The effect of harvesting method and site treatments on: (A) 
total C, and (B) total N, in the surface 15 cm of soil at the Tyler site 
1 year after harvesting. MWT, mechanical whole-tree harvesting; 
HFBO, hand felling hole-only removed; AS, aerial spray only; AS, 
aerial spray only; AS + BD, AS + bedding. The interaction 
between harvesting method and site treatments was not significant 
(P = 0 5624 for total C; P = 0.7836 for total N); error bars for 
a = 0.05. 

month in un-bedded soil and significantly higher 
(P < 0.001) at 14.7 kg ha-' per month in bedded soil. 
During the second May to November period, net N 
mineralization in the harvested plots was below that in 
the unharvested reference area and NO,- flux was 
equal to or below that of N H ~ +  (Table 6, Fig. 3b). The 
45 kg ha-' N applied as DAP 10 days prior to soil 
sampling in May of year 2 resulted in significantly 
more mineral N in the May soil samples and in mineral 
N captured on the May to July resin samples. But 
mineral N flux following fertilizer application did not 
reach the levels recorded for bedded soil during the 



Table 6 
N mineralization (NH4+ + NO3-) at the Tyler site, before harvesting and mineral N flux and net mineralization during the first (1995) and second (1996) year after harvesting and site 
preparation 

Main treatment Net N minimurn First year after harvesting (1996) (kg ha-') 
effects before harvest" 

Minimum Resin, Resin, Resin, Minimum Net N 
N in soil, May to July to September N in Soil, minimum 
May July September to November November 

HFUO 42.0 7.0 32.9 18.4 21.0 7.4 72.8 
MWT 39.0 6.7 28.7 21.6 28.8 4.7 77.1 
P > F  0.4340 0.8904 0.2438 0.271 8 0.2420 0.2245 0.6727 

Second year after harvesting (1996) (kg ha-') 

Res~n, Resin, 
May to July to 
July September 

23.7 19.7 
197 15.7 
0.1466 0.4292 

Resin, 
September 
to November 

17.1 
19.2 
0.4200 

- 

Mtn~mum Net N 
N rn So~ l .  mtnlmum 
November 

3 8 49 8 
4 5 45 0 
0 4937 0 6058 

Not bedded 39.9 5.4 25.4 17.1 20.0 4.6 61.6 11.8 20.8 17.9 20.7 3.6 51.1 
Bedded 41.1 8.3 36.3 22.9 29.8 7.6 88.3 16.8 22.7 17.5 15.6 4.7 43.7 
P > F  0.7456 0.1428 0.0066 0.05 18 0.1545 0.1687 0.0021 0.1503 0.4855 0.9318 0.0870 0.3677 0.4596 

Not fertilized 42.1 7.0 31.4 21.9 23.1 5.8 75.2 9.0 17.8 14.0 17.1 4.5 44.5 
~e r t i l i zed~  38.9 6.8 30.3 18.2 26.7 6.3 74.8 19.5 25.6 21.4 19.2 3.7 50.4 
P > F  0.3935 0.9210 0.7688 0.2015 0.5983 0.8001 0.961 2 0.00.57 0.012 1 0.1545 0.4673 0.5029 0.5229 

Reference 
area (S.E.) 

" 1 October 1993 to June 1994 
DAP not appl~ed unt~l second year (1996) after harvemng and 10 days prior to so11 sampl~ng 
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Before H, HI SP, SP, Fo F, 

Harvest Main treatments 

Uncut H, HI SP, SP, F, F, 

Main Treatments 

Fig. 3. Means for the main treatment effects on net N mineraliza- 
tion in 0-15 cm of soil at Tyler. Monitoring period was October to 
June before harvesting and May to November: (A) first year after 
harvesting; (B) second year after harvesting. Ho = HFBO; 
Hi = MWT; SPo = not bedded; SPI = bedded; Fo = not ferti- 
lized; F i  = 250 diammonium phosphate applied in May of second 
year. Error bars for ct = 0.05. 

first season following harvesting (Fig. 3). No differ- 
ences due to fertilization were detected after the July 
samples and net mineralization for the season was not 
altered (Table 6 ,  Fig. 3b). 

ANOVA of pre-harvest N mineralization data 
indicated no differences between blocks or treatments; 
therefore, the means presented in Table 6 were not 
adjusted for differences prior to harvesting. Regression 
analysis indicated no significant relationship between 
the N mineralization rate before harvest and that 
during the first season after harvest but a significant 

negative relationship was found between the before- 
harvest rate and the rate during the second growing 
season after harvesting (Table 7). There was also a 
significant block effect during the second year that was 
not detected earlier. 

3.4. Soil respiration and temperature 

As expected, pre-treatment soil respiration did not 
differ significantly among plots, even though the 
respiration rates for the plots to be bedded appeared 
to be slightly higher than those for the plots destined 
to be left un-bedded (Table 8). Respiration rates 
were significantly affected by bedding but not by 
harvesting method (Table 8). Bedded soil averaged 
12.6 g C02 m-2 per day, whereas un-bedded soil 
averaged 9.7 g C02 m-2 per day. HmO harvested 
plots averaged 11.7 g C02  mP2 per day and MWT 
harvested plots, 10.6 g C02 m-2 per day. Because the 
bedded plots had a slightly higher pre-treatment 
respiration rate than plots not bedded, a covariance 
analysis was performed on post-treatment respiration 
rate using pre-treatment rate as the independent 
variable. This showed that the increased respiration 
following bedding was indeed statistically significant 
(data not shown). 

Treatment did not affect soil temperature. The mean 
soil temperature across all treatments for the six post- 
treatment sampling sessions was 17.8 "C with a range 
of only h0.5 "C among treatments. During the same 
period, mean temperature in an adjacent unharvested 
area was only slightly lower at 17.0 "C. Before 
treatment, mean soil temperature across all treatments 
for the six sampling periods was 20.1 "C, with a range 
of only h0.2 "C. 

Fluctuations in soil respiration rates appeared to 
reflect seasonal trends in soil temperature both before 
and after treatment (Fig. 4). Higher soil tempera- 
tures usually resulted in higher rates of respiration. 
Application of the generally accepted Qlo exponen- 
tial relationship between C02 efflux rate and soil 
temperature showed that soil temperature was a 
reasonably good predictor of soil respiration rates. 
However, the relationship between soil temperature 
and soil respiration was of a different form before 
treatment than it was after treatment (Fig. 5). For pre- 
treatment data, the relationship between respiration 
and temperature could be defined by the equation 



Table 7 
Regression analysis of net N mineralization during first and second growing seasons after harvesting at the Tyler site 

Source d.f. SS MS F P > F  Variable Coefficient S.E. I P 

Year 1 after harvesting (May to November 1995)" 
Regression 6 6035.92 1005.99 
Residual 17 8980.39 528.26 

Total 23 15016.31 

Year 2 after harvesting (May to November 1996)~ 
Regression 6 6929.03 1154.84 
Residual 17 4397.92 258.70 

Total 23 11326.95 

1.90 0.1384 Intercept, bo 
N minimum before harvest, b, 
Blocks, linear, b2 
Blocks, quadratic, b3 
Harvesting method, b4 
Bedding, bs 
Fertilization, b6 

4.46 0.0069 Intercept, bo 
N minimum before harvest, b, 
Blocks, linear, b2 
Blocks, quadratic, b3 
Harvesting method, b4 
Bedding, bs 
Fertilization, b6 

" Regression: R2 0.40; S.E. 22.98; Observations 24. 
Regression: R2 0.61; S.E. 16.08; Observations 24. 
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Table 8 C07 = 6.049 x 1 . 3 0 2 ~ / ' ~ .  with an R~ = 0.30 (P  = 
Pre- and post-harvest mean soil surface CO2 efflux by treatment 0.002). post-treatment, the respiration-temperature 
Treatments" 1994 (pre-harvest) 1995 (post-harvest) relationship was defined by C 0 2  = 2.462 x 2.072~/", 

Co2 efflux CO, efflux with an R~ = 0.52 ( P  = 0.0001). 
(g m-2 per day) (g m-2 per day) 

HFBO 10.87 11.70 
MWT 10.68 10.56 
P > F  0.7900 0.2400 

Not bedded 10.16 9.66 
Bedded 11.38 12.60 
P > F  0.0900 0.0050 

"Means for fertilized plots not rncluded smce DAP was not 
applied until after C 0 2  monitoring ended. 

- - 
Temperature - 
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Sampling Date (93-95) 

Fig. 4. Variation in soil surface CO, efflux and soil temperature 
through time before and after harvesting and site preparation at q le r .  
Data are the means of all harvesting and site preparation treatment 
combinations except un-cut reference plots. Error bars for a = 0.05. 

Temperature ( O C )  

Fig. 5. Relationship between soil surface C 0 2  efflux and soil 
temperature before and after harvesting and site preparation of the 
loblolly pine stand at Tyler. 

3.5. Microbial populations 

Harvesting and bedding had no effect on popula- 
tions of bacteria, actinomycetes, or fungi (Fig. 6). 
Populations varied among sampling sessions in a 

2 J  1 2  
Mar 94 Jul94 Feb 95 Aug 95 

Sampling Period 

Fig. 6. Variation in: (A) bacteria; (B) actinomycetes; and (C) fungi 
populations at the study site (CFU, colony forming units). The first 
two sampling dates: March and July 1994, were before harvesting 
and the second two: February and August 1995, were after 
harvesting and site preparation. Mean soil temperature at sampling 
time: March 1994 = 23.5 "C; July 1994 = 24.4 "C; February 
1995 = 14.9 "C. August 1995 was not determined but was 
approximately same as July 1994. Error bars for a = 0.05. HFBO, 
hand felled bole-only harvesting not bedded; HFBO + BD = 
bedded; MWT. mechanical whole-tree harvesting not bedded; 
MWT + BD = bedded. 
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similar manner in all treatments, and appeared to 
respond more to soil temperature than to treatments, 
particularly in the case of bacteria (Figs. 4 and 6a) 

4. Discussion 

Decomposition of loblolly pine logging residues is a 
relatively slow process (Barber and Van Lear, 1984; 
Jorgensen and Wells, 1986). Thus, it was not 
surprising to find no significant differences in soil 
total C and total N between harvesting methods after 
2-3 years unless residues were incorporated by 
bedding (Tables 3 and 5). The main effect of bedding 
on soil total C and N was significant at Tyler but not at 
St. Helena (Table 3), however, the interaction between 
site preparation and harvesting was significant at 
St. Helena (Fig. 1) but not at Tyler (Fig. 2). At both 
locations, there was considerably more logging 
residue on the HFBO plots than on the MWT plots 
(Table 2), but the tractor used to pull the bedding plow 
at Tyler had a front-mounted V-blade while the tractor 
used at St. Helena did not. The V-blade pushed much 
of the logging residue away from the path of the plow 
thus preventing its' incorporation into the beds. This 
could account for the lack of interaction between 
harvesting method and bedding on soil total C and N 
at Tyler. 

Surface soil (0-15 cm) at St. Helena contained 
-50% more total C than the soil at Tyler prior to 
harvesting but the losses in total C during the first year 
after harvesting and increases the second year were 
similar (8.2 and 7.6 kg ha-' lost; 5.3 and 5.2 kg ha-' 
gained, respectively). The losses could be attributed to 
soil respiration assuming the mean respiration rate 
at Tyler (-10 g m-= per day or 3 Mg ha-' per month, 
see Table 8) was representative of both locations 
and inputs from photosynthesis were reduced. 
Forest harvesting and herbicide treatment should 
reduce inputs from photosynthesis, at least for several 
months. Between year 1 and year 2, considerable 
regrowth occurred and soil total C increased (Table 3). 
Smethurst and Namibar (1990) reported that soil 
total C declined following harvesting a 37-year-old 
plantation of Pinus radiara and did not recovery 
completely for 4 years. However, they maintained 
weed-free conditions with repeated applications of 
herbicides. 

Hendrickson et al. (1989) examined the effects of 
whole-tree harvesting on soil respiration rates and 
nutrient cycling in a mixed pine-hardwood stand in 
Ontario and found field respiration rates to be 
significantly higher in harvested than in uncut areas, 
which they attributed to increased soil temperatures in 
the harvested sites. They theorized that if elevated 
rates of soil respiration continued in the clear-cuts, 
it was possible that soil organic matter pools 
would stabilize at a lower level than in the original 
forest, thereby resulting in possible decreases in site 
productivity until the soil organic matter pool returned 
to pre-harvest levels. Knoepp and Swank (1997) 
reported soil total C declined during the first year after 
WTH harvesting but recovered to near pre-harvest 
levels within 4 years. After a commercial sawlog 
harvest, total C in the surface 10 cm doubled and 
remained at that level for 3 years (Knoepp and Swank, 
1997). Both Hendrickson et al. (1989) and Knoepp and 
Swank (1997) worked at higher latitudes than our 
sites. Changes in soil temperature following overstory 
removal were probably greater and re-vegetation 
slower than we observed. Johnson (1992), after 
reviewing a number of studies, concluded that 
harvesting resulted in changes of <lo% of pre-harvest 
soil C content. Our findings agree with this conclusion, 
although major fluctuations may extend over a period 
of months or years before soil C returns to pre-harvest 
levels. 

There are conflicting reports of the effects of 
fertilization on soil C. Turner and Lambert (1988) 
reported a 22% increase in soil total C 30 years after 
application of phosphorus to a planting of Pinus 
radiata D. Don. growing on a P deficient site in 
Australia. In contrast, Harding and Jokela (1994) 
found no effect of fertilization on soil total C in a 25- 
year-old plantation of Pinus elliorrii Englm. in Florida. 
Sixteen months after DAP application at our Tyler site, 
we measured 7.3 Mg ha-' more total C in the surface 
30 cm of fertilized plots than unfertilized plots 
(Table 5) but this difference was not significant 
(P = 0.1407). It seems improbable that fertilization 
could result in so large an increase in carbon 
sequestration in so short a time period although 
DAP significantly increased pine tree growth (unpub- 
lished data). At St. Helena, herbaceous weed control 
reduced herbaceous biomass >80% (unpublished data) 
and soil total C at 30-60 cm (Table 5). 
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Changes in soil total N (Tables 3-5) are more 
difficult to understand than the corresponding changes 
in total C. Total N in the surface 15 cm declined an 
average of 36 1 kg ha-' at St. Helena and 38 1 at Tyler 
during the year following harvesting. Mineralization 
and leaching may be responsible for these declines 
in soil N, but the rate of mineral N flux during the first 
9 months after harvesting would have to be several 
times that which we recorded between the 9th and 
15th months at Tyler (Table 6). Earlier investigations 
of changes in soil total N after harvesting have 
produced conflicting results. Mroz et al. (1985) 
reported a loss of 1.3 Mg ha-' of N from the top 1 m 
of soil following WTH in northern hardwoods, but 
Hendrickson et al. (1989) reported N leaching below 
the rooting zone was <2 kg ha-' per year following 
WTH in northern mixed forests. Knoepp and Swank 
(1997) found that the N concentration in 0-10 cm 
of soil declined ~ 0 . 5  g kg-' immediately following 
whole-tree harvesting (WTH). Assuming a BD of 
1.0 g I-', the N loss would be -500 kg ha-' from 
the 0-10 cm layer on the WTH site. They found 
no change at 10-30 cm and suggested that the N 
remained in the profile below 30 cm. Binkley et al. 
(2000) reviewed other studies on the watersheds used 
by Knoepp and Swank (1997) and concluded that 
leaching and runoff could not account for the losses 
in soil N. 

Equally puzzling is the rapid recovery of soil N 
during the second year. At St. Helena, surface soil total 
N increased 183 kg ha-' or -50% of the loss during 
the previous year. At Tyler, the increase between year 
1 and year 2 was 370 kg ha-' or 97% of the earlier 
decline. Knoepp and Swank (1997) found that it took 
-5 years for surface soil total N to return to pre- 
harvest levels following WTH, but this translates to an 
accretion of 70-100 kg ha-' per year, >10 times what 
could be expected from atmospheric deposition and 
non-symbiotic fixation (Binkley et al., 2000). Follow- 
ing a partial cutting-a commercial sawlog harvest 
(CSH) with tops left in place-Knoepp and Swank 
(1997) found that N increased -1.0 g kg-' or 
1000 kg ha -' in 0-10 cm the first year after harvest- 
ing and remained well above pre-harvest levels for 
3 years. They attributed this increase to, "large 
amounts of logging residue left on site, root mortality, 
and a successional pattern that included N fixers". 
However, they had more fixers (Robinia p.seudoacacia 

L. sprouts) on the WTH where N declined, than on the 
CSH where N increased. 

Interannual variations in total soil C and N similar 
to those in the reference plots at St. Helena (Table 3) 
have been reported by other (Haines and Cleveland, 
1981; Knoepp and Swank, 1997), but there is no 
documented processes that could explain such within 
or between year variations (Binkley et al., 2000). 
Richter et al. (2000) reported little long-term change 
in soil total N during 40 year of growth of a loblolly 
pine plantation in South Carolina. The increased level 
of soil total N that we observed following DAP 
application (Table 5) is in contrast to the work of 
Harding and Jokela (1994) who found no detectable 
long-term effects of N and P applications on soil total 
N to 90 cm. 

Our findings and those from other studies (Mroz 
et al., 1985; Knoepp and Swank, 1997) suggest the 
possibility that, following clearcutting, mineral and 
soluble organic nitrogen is leached below the rooting 
zone where it remains until roots of regrowth capture it 
and return it to the surface soil. Further evidence for 
this theory is provided by the fact that Knoepp and 
Swank (1997) did not observe a decline in total N 
following CSH which left non-merchantable trees 
with living roots to capture any N mobilized following 
harvesting. However, there is no direct evidence that 
large fluxes of N do indeed occur and we cannot 
discount the possibility that the fluctuations in total N 
that we observed and those reported by others are 
artifacts resulting from natural variation or flawed 
sampling procedures. 

A number of studies have reported increased N 
mineralization following harvesting and regeneration 
(Burger and Pritchett, 1984; Vitousek and Matson, 
1985; Van Lear et al., 1990; Knoepp and Swank, 
1993). However, in all of these studies harvesting 
was confounded with one or more mechanical site 
preparation treatments (Burger and Pritchett, 1984; 
Vitousek and Matson, 1985) or burning (Van Lear 
et al., 1990; Knoepp and Swank, 1993). The effect 
of tillage on "soil metabolism" is well known in 
agriculture (Richards, 1987). Tillage increases soil 
aeration and microbial activity leading to a decline in 
soil organic C, total N, and mineralizable N (Tisdale 
et al., 1985; Doran, 1987). Increased N mineralization 
after burning is also well documented (Schoch and 
Binkley, 1986; Covington et al., 1991). 
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We recorded higher net N mineralization post- 
harvest than pre-harvest (Table 6), but the pre-harvest 
measurements included the winter season when N 
mineralization would have been much lower than 
during the growing season (Vitousek and Matson, 
1985; Knoepp and Swank, 1998; Piatek and Allen, 
1999). Net N mineralization in unbedded soil during 
the 1 May to November period after harvesting was 
61.6 kg ha-', slightly below the 67.6 kg haC1 in the 
reference area during the 2nd May to November 
period (Table 6). Apparently, harvesting, per se, 
caused a shift from ammonification to nitrification 
(Fig. 3) but no increase in net N mineralization, at least 
for 2 years after harvesting. Bedding, which tilled the 
soil and incorporated surface organic matter, increased 
soil respiration, NO3- flux, and net N mineralization. 
Waide et al. (1988) reported an increase in nitrification 
but only a slight increase in net N mineralization after 
harvesting and site preparation consisting of felling all 
stems 22.5 cm but no other soil disturbance. Matson 
and Vitousek (1981) also found that clearcutting 
without site preparation resulted in increased nitrifica- 
tion but no significant change in net mineralization 
until the fourth year after harvesting when N 
mineralization was significantly higher in the har- 
vested site than in the control. 

We found that bedding increased nitrification and 
net N mineralization similar to that reported for chop- 
burn or shear-piled-disc site preparation (Vitousek and 
Matson, 1985). However, bedding differs from these 
other treatments in that the entire area is not treated 
uniformly. Bedding concentrates surface soil and 
organic matter into ridges or beds separated by scalped 
and undisturbed areas. Morris (1981) found that the 
concentration of mineral N within beds was 4 0 %  
higher than in the inter-bed areas during the first year 
after bedding. Since we did not monitor the inter-bed 
areas, our estimates for net N mineralization per 
hectare following bedding are probably too high. On a 
treated area basis, bedding may result in considerably 
less increase in net N mineralization than chop-bum or 
shear-pile-disc site preparation. 

By the second growing season after harvesting at 
Tyler, net mineralization had declined and ammoni- 
fication equaled or exceeded nitrification (Table 6; 
Fig. 3). Vitousek and Matson (1985) also reported a 
decline in NO3- flux the second year but nitrification 
and net N mineralization remained well above the 

reference plots, perhaps, due to greater incorporation 
of surface organic matter than we achieved with 
bedding. Neither of us detected significant differences 
in net N mineralization or NO3- flux between whole- 
tree and stem-only harvesting during the first 2 years 
following harvesting. Wilson (1994) also failed to 
detect differences in net N mineralization rate between 
different levels of organic matter removal 2 years after 
harvesting. 

Piatek and Allen (1999) revisited the study site used 
by Vitousek and Matson (1985), 15 years after 
harvesting and regeneration, and found net N miner- 
alization was significantly lower in whole-tree plots 
than in stem-only plots. But harvest intensity had no 
effect on pine growth or soil total N. As stated earlier, 
harvesting intensity in this study was followed by 
either chop-burn or shear-pile-disc site preparation 
which would accelerate nutrient cycling and/or 
increase nutrient removal, thus confounding differ- 
ences due to harvesting intensity. In addition, half of 
each treatment plot received complete weed control 
for the first 5 years which significantly increased pine 
production irrespective of other treatments (NCSFNC, 
1995). Interestingly, the site preparation treatment, 
chop-burn-no herbicide, which had the highest N 
mineralization rate at plantation age 15 years (Piatek 
and Allen, 1999), resulted in the greatest total biomass 
production at plantation age 6 years (Allen et al., 
1991). 

Apparently, southern pine logging residues have 
little effect on soil N mineralization for 2-3 years after 
harvesting unless they are incorporated into the soil or 
burned. Mechanical site preparation or slash burning 
increases net N mineralization but competing vegeta- 
tion may benefit more than pine regeneration. Grogan 
et al. (2000) found that the species that benefitted the 
most from increased nutrient availability following 
wildfire were those originating as re-sprouts from 
established root systems. 

The inverse relationship between N mineralization 
before harvesting and 2 years after harvesting (Table 7) 
was not expected. It suggests that the impact of 
intensive site disturbance may be greater and/or more 
enduring on sites with higher ambient net N miner- 
alization rates, but this possibility needs further study 
before definitive conclusions are drawn. 

Our rates of in situ soil respiration with treatment 
means ranging from about 8 to 13 g COz m-2 per day, 
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are within the range reported for other coniferous 
ecosystems. Cropper et al. (1985) found a mean soil 
respiration rate of 8.7 g C 0 2  m-* per day in a Florida 
slash pine (Pinus elliottii) stand. Carlyle and Than 
(1988) measured a mean rate of 12 g C 0 2  m-2 per day 
in an Australian radiata pine (Pinus radiata) stand. 
Kaye and Hart (1998) found respiration rates to vary 
seasonally from about 1.0 to 11 g C 0 2  m-2 per day in 
Arizona ponderosa pine (Pinus ponderosa)-bunch 
grass ecosystems. 

Soil temperatures were slightly cooler in the winter 
and warmer in the summer after harvesting and site 
preparation than they were before, but these changes 
were not as great as those reported by Hendrickson 
et al. (1989). Soil respiration increased exponentially 
with soil temperature both before and after treatment, 
but the Qla of soil temperature on soil respiration 
(Edwards, 1975) was 1.3 before treatment compared 
to 2.1 after treatment (Fig. 5). Both are at the lower 
end of the expected range of 1.3-3.3 (Reich and 
Schlesinger, 1992). Lloyd and Taylor (1994) found 
less sensitivity of soil respiration to fluctuations in 
soil temperature in biomes, such as ours, that have 
relatively high soil temperatures. The change in Qlo 
after harvesting may reflect the same changes in 
microbial metabolism that resulted in increased 
nitrification. 

Since changes in soil C and N status result from the 
activity of the saprophytic organisms (Crossley, 1977; 
Coleman et al., 1988; Christiansen et al., 1989), they 
may be quantified by monitoring changes in sapro- 
phyte populations (Edwards, 1975; Edwards and 
Ross-Todd, 1983; Curry and Good, 1992; Mattson 
and Smith, 1993; Hoekstra et al., 1995). However, 
changes in microbial populations following harvesting 
and/or site preparation at Tyler were too rapid or too 
subtle to be detected by the methodology used. Our 
findings that harvesting and regeneration had only a 
transitory effect of soil microbial populations is 
compatible with the findings of Bird et al. (2000) 
that harvesting and regenerating the pine forest had 
little impact on the forest floor arthropod community 
except for increased abundance following application 
of DAP. Unfortunately, we were unable to continue 
monitoring microbial populations during the season 
following DAP applications. Such data may have 
provided an insight on the mechanism whereby the 
DAP affected the arthropod population. 

5. Conclusions 

We found that harvesting and regeneration of pine 
plantations in the US gulf coast region resulted in 
rapid and significant declines in soil total C and total 
N. However, both total C and N returned to near 
pre-harvest levels by the end of the second growing 
season. Harvesting, per se, caused a temporary 
increase in nitrification but little or no change in soil 
temperature, soil respiration, or net N mineralization 
during the 2 years following harvesting. Conversely, 
mechanical site preparation (bedding), which tilled 
the soil and incorporated surface organic matter, 
resulted in increased soil total C, total N, and net N 
mineralization. Increased net N mineralization, which 
did not persist beyond first growing sea 
have benefitted competing vegetatio 
regeneration. 

Although harvesting and regen 
perturbation in soil processes, 
tion of adverse long-term 
importance of soil C and N to forest productivity 
and our global environment suggests that further study 
is warranted of the spatial and temporal variations in 
soil C and N levels, not only following harvesting and 
regeneration but throughout the rotation in intensively 
managed plantations. 
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